The PHENIX collaboration has measured φ meson production in d+Au collisions at √ s N N = 200 GeV using the dimuon and dielectron decay channels. The φ meson is measured in the forward (backward) d-going (Au-going) direction, 1.2 < y < 2.2 (−2.2 < y < −1.2) in the transversemomentum (pT ) range from 1-7 GeV/c, and at midrapidity |y| < 0.35 in the pT range below 7 GeV/c. The φ meson invariant yields and nuclear-modification factors as a function of pT , rapidity, and centrality are reported. An enhancement of φ meson production is observed in the Au-going direction, while suppression is seen in the d-going direction, and no modification is observed at midrapidity relative to the yield in p+p collisions scaled by the number of binary collisions. Similar behavior was previously observed for inclusive charged hadrons and open heavy flavor indicating similar cold-nuclear-matter effects.
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I. INTRODUCTION
Collisions of deuterons with gold nuclei (d+Au) are of significant interest in the study of the strongly coupled Quark Gluon Plasma (QGP) produced at the Relativistic Heavy Ion Collider (RHIC) [1, 2] . The highly asymmetric collisions of a small projectile and a large target nucleus provide a way to investigate the initial state of a nucleus-nucleus collision experimentally, potentially disentangling effects due to QGP formation from the coldnuclear-matter effects. The latter include modification of * Deceased † PHENIX Co-Spokesperson: morrison@bnl.gov ‡ PHENIX Co-Spokesperson: jamie.nagle@colorado.edu the parton distribution functions (PDFs) in the nucleus relative to those in the nucleon [3] , initial-state energy loss [4] , and the so-called Cronin effect. The Cronin effect refers to the enhancement of high-p T particle production in p+A collisions relative to that in p+p collisions scaled by the number of binary collisions and is often attributed to multiple scattering of the incoming parton inside the target nucleus [5] [6] [7] [8] . In addition, results from recent p(d)+A collisions at the Large Hadron Collider and RHIC suggest that long-range correlations, either present in the initial state or induced by the evolution of the medium, play an important role even in these small collision systems [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Detailed studies of particle production systematics in d+Au at RHIC may inform this question [21] [22] [23] [24] [25] [26] .
PHENIX has measured the production of identified particles, such as π, K and p, at midrapidity in d+Au and Au+Au collisions and has found intriguing similarities between the K/π and p/π ratios in peripheral Au+Au and central d+Au collisions [24] . However, it was observed that the ratio of spectra in peripheral Au+Au to those in central d+Au starts above one at low-p T and trends to a constant value of ∼ 0.65 for all identified particles at high p T . One explanation for the low-p T rise is a relative deficit of midrapidity soft particle yield in d+Au collisions compared to Au+Au, which could be due to the participant asymmetry in the d+Au collisions producing a rapidity shift in the peak of particle production [9] . Consequently, measuring identified particles in different regions of rapidity provides a more complete picture of d+Au collisions and sheds light on the relationship between p+p, d+Au and Au+Au. Measuring identified particle production at forward rapidity also enables access to the low-x region where nuclear PDFs (nPDFs) are not well known and where one expects parton-saturation effects to begin to manifest in modified particle production.
The yield of φ mesons in high energy heavy ion collisions provides key information about the QGP, as the yield is potentially sensitive to medium-induced effects such as strangeness enhancement [27] , a phenomenon associated with soft particles in bulk matter which can be accessed through the measurements of φ meson production [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . PHENIX measures φ meson production over a wide rapidity range and for various collision systems such as p+p, d+Au and Au+Au. The production of φ mesons has already been measured in p+p, d+Au, Cu+Cu and Au+Au at midrapidity [30, 36, 38] and in p+p at forward and backward rapidities [39] over a wide range in p T .
In this paper, the production of φ mesons is determined at forward and backward rapidities via dimuons detected in the PHENIX muon spectrometers and at midrapidity via dielectrons detected in the PHENIX central arms. Measurements of the φ meson nuclear-modification factor (R dAu ) in d+Au collisions versus rapidity and versus p T are presented. The results presented here are based on d+Au collisions at √ s N N = 200 GeV recorded in 2008.
The luminosity used in φ → µ + µ − analysis corresponds to 60 nb −1 which is equivalent to a nucleon-nucleon integrated luminosity of 24 pb −1 , while the luminosity used in φ → e + e − analysis corresponds to 71 nb −1 which is equivalent to a nucleon-nucleon integrated luminosity of 28 pb −1 .
II. EXPERIMENT Figure 1 shows a schematic of the PHENIX detector, which is described in detail in Ref. [40] . The detectors relevant for the analysis of the φ meson in the dilepton channels are the central arms, two muon spectrometers and the two beam-beam counters.
The PHENIX central arms measure particles by using drift chambers (DC) and pad chambers for the tracking and momentum measurement of charged particles, ring imagingČerenkov detectors (RICH) for the separation of electrons up to the π mesonČerenkov radiation threshold at 5 GeV/c, and an electromagnetic calorimeter (EMCal) for the measurement of spatial positions and energies of photons and electrons. The EMCal comprises six sectors of lead-scintillator calorimeter and two sectors of leadglass calorimeter.
The muon spectrometers, located at forward and backward rapidity, are shielded by absorbers composed of 19 cm of copper and 60 cm of iron. Each spectrometer comprises the muon tracker (MuTr) immersed in a radial magnetic field of integrated bending power of 0.8 T·m, and backed by the muon identifier (MuID). The muon spectrometers subtend 1.2 < |η| < 2.2 and the full azimuth. The MuTr comprises three sets of cathode strip chambers while the MuID comprises five planes of Iarocci tubes interleaved with steel absorber plates. The momentum resolution, δp/p, of particles in the analyzed momentum range is about 5%, independent of momentum and dominated by multiple scattering. Muon candidates are identified by matching tracks reconstructed in the MuTr to MuID tracks that penetrate through to the last MuID plane. The minimum momentum of a muon to reach the last MuID plane is ∼2 GeV/c.
Beam-beam counters (BBC), comprising two arrays of 64Čerenkov counters covering the pseudorapidity range 3.1 < |η| < 3.9, measure the collision vertex along the beam axis (z vtx ) with 0.5 cm resolution in addition to providing a minimum-bias (MB) trigger.
III. DATA ANALYSIS
This section describes the details of the measurement of the φ meson in φ → µ + µ − and φ → e + e − decay channels.
The dimuon data set for this analysis was collected in 2008 using a MB trigger that requires at least one hit in each of the BBC detectors in conjunction with the MuID Level-1 dimuon trigger. Also, at least two tracks were required to penetrate to the last layer of the MuID. The MB trigger measures 88 ± 4% of the total d+Au inelastic cross section of 2260 mb [21] .
A set of cuts was employed to select good muon candidates and improve the signal to background ratio. Event selection requires the BBC collision z vertex to be reconstructed within ±30 cm of the center of the interaction region along the beam axis. The MuTr tracks are matched to the MuID tracks at the first MuID layer in both position and angle. The track is required to have at least 8 of 10 possible hits in the MuID.
The invariant mass distribution is formed by combining muon candidate tracks of opposite charge. In addition to low mass vector mesons, the invariant mass spectra in the region of interest contain uncorrelated and correlated backgrounds. The uncorrelated backgrounds arise from random combinatoric associations of unrelated muon candidates while the correlated backgrounds arise from open charm decay (e.g., DD where both mesons decay semileptonically to muons), open bottom decay, η and ω Dalitz decays and from the Drell-Yan process. The correlated background is much smaller than the uncorrelated background for all centralities. It is also established from simulation that the background is dominated by the uncorrelated contribution from decays, such as K, π → µν, that occur in front of and inside the absorber. A smaller contribution to the background comes from hadron decays in the muon tracker volume. When combined into track pairs, these pairs produce a broad distribution of invariant masses and also a broad distribution of χ 2 vtx , the parameter resulting from fitting the two muon tracks with the BBC measured event vertex position. This procedure separates the foreground and background spectra by applying a cut of χ 2 vtx < 4.0 to extract foreground spectra and a cut of χ 2 vtx > 4.0 to extract background spectra. The cut value, χ 2 vtx,cut = 4.0, is selected such that it retains as much of the signal as possible within the foreground, while still allowing sufficient statistics in the background sample. This procedure is described in detail in Ref. [39] .
To extract the φ meson signal, the background pairs are subtracted from the foreground pairs. Because the pairs with χ 2 vtx > 4.0 represent only the uncorrelated part of the background the shape of their mass distribution is slightly altered to account for the contribution of correlated pairs, which have much smaller contribution according to simulation results. This is done by fitting a fourth order polynomial to the ratio of the foreground to background distributions in the nonresonance region (0.3 < M µ + µ − < 0.5 GeV/c 2 and 1.
2 ). The background distribution is then multiplied by the polynomial in the entire mass range. In the mass range 0.3 < M µ + µ − < 2.5 GeV/c 2 , the resulting distribution after subtraction has contributions from three mesons: ω, ρ, and φ mesons. The distribution is fitted with the sum of two Gaussian functions and the Breit-Wigner function convoluted with a Gaussian. The Gaussian functions are used to fit the ω and φ mesons while the Breit-Wigner convoluted with a Gaussian is used to fit the ρ meson. Figure 3 shows the results.
The parameters of the fit are fixed to the world average values of the masses and widths of the three mesons [41] and the widths of the Gaussian distributions, which account for the detector mass resolution, are constrained by the values obtained from the simulation. The φ meson mass resolution is ∼85 MeV/c 2 . Because the invariant mass peak of the φ meson is partly resolved in the plot, while ω and ρ meson peaks cannot be resolved, only an estimate of the combined yield of these two mesons is allowed. In the fit, the ratio of the ω and ρ mesons, N ρ /N ω , is set to 0.58, derived as the ratio of their corresponding production cross sections, σ ρ /σ ω = 1.15±0.15, consistent with values found in jet fragmentation [42] , multiplied by the ratio of their branching ratios [41] . The yield extraction is performed in bins of p T over the range 1 < p T < 7 GeV/c for the rapidities 1.2 < |y| < 2.2, in bins of y for the p T range 1 < p T < 7 GeV/c, and in different centrality classes.
The acceptance and reconstruction efficiency (Aε rec ) of the muon spectrometers, including the MuID trigger efficiency, is determined by passing pythia 6.421 (default parameters) [43] generated φ mesons through a full geant [44] simulation of the PHENIX detector. The pythia simulation output is embedded into real d+Au data events and then reconstructed in the same manner as data. Identical cuts to those used in the data analysis are applied to this embedded simulation. Figure 4 shows the Aε rec as a function of p T and rapidity for φ mesons. The Aε rec reaches a few percent at high-p T and rapidly decreases at low momentum limiting this study to p T > 1 GeV/c.
The dielectron data set for this analysis was recorded in 2008 using a MB trigger that required at least one hit in each of the BBC detectors with an ERT (EMCal-RICH trigger). The ERT requires a minimum energy deposit of 0.6 and 0.8 GeV/c in a tile of 2 × 2 EMCal towers matched to a hit in the RICH. The trigger efficiencies are described in detail in Ref. [45] .
A set of quality assurance cuts is applied to the data to select good electron candidates and improve the signal to background ratio. Event selection requires the BBC collision z vertex to be reconstructed within ±30 cm of the center of the interaction region along the beam direction. Charged tracks are reconstructed using the DC and pad chambers and requiring p T > 0.2 GeV/c. Electrons are identified mainly by the RICH detector. Furthermore, an electron candidate is required to have a good match to a cluster in the EMCAL, and the energy, E, of the cluster must satisfy the requirement E/p > 0.5, where p is the momentum measured by the DCs. The RICH and EMCal combined provide an e/π rejection factor of order 10
4 . Electrons and positrons reconstructed in an event are combined into pairs. The resulting mass spectrum contains both the signal and an inherent background. The uncorrelated part of the background is estimated via an event-mixing technique [46] , which combines electrons from different events within the same centrality and vertex class. To extract the φ meson raw yield, the subtracted mass spectrum is fitted by a function consisting of several contributions. The φ and ω meson peaks are approximated by a Breit-Wigner distribution convolved with a Gaussian distribution. Parameters of the BreitWigner part are set to the global averaged values [41] and the width of the Gaussian part is to account for the detector mass resolution. Because the production ratio of ρ meson to ω meson is assumed to be 1.15, their ratio in the fit is given by the ratio of their branching ratios to e + e − in vacuum. The φ meson yield is then extracted by summing up the bin contents in a ±3σ window, where σ is extracted from the fit, and subtracting the background determined by integrating the polynomial over the same window. Figure 5 shows an example of the fit to the mixed event subtracted mass spectrum. The mixed events were normalized in the mass range between 0.7 to 1.5 GeV/c 2 . The stability of the results was checked by varying the normalization region, and the difference was included in the systematic errors. The ratio of real to normalized mixed events was found to be flat in the region of interest for this analysis indicating the validity of the normalization. Complete details describing the estimation of the systematic uncertainty on the raw yield extraction by varying the background normalization, fitting functions, range and counting method can be found in Ref. [45] .
The detector acceptance and reconstruction efficiency, as well as trigger efficiency were determined using a (color online) pT -integrated unlike-sign e + e − mass spectrum measured by the PHENIX central arms after subtracting the uncorrelated combinatorial background in the minimum-bias d+Au collisions. The dotted-line shows the ρ meson contribution and the dashed line is the polynomial background, which describes the residual correlated background. The insert shows the raw spectrum before subtraction, overlaid with the normalized combinatorial background, which is estimated using the mixed-event technique.
geant [44] based simulation of the PHENIX detector that tuned the detector response to a set of characteristics (dead and hot channel maps, gains, noise, etc) that described the performance of each detector subsystem. The φ → e + e − decays were generated with a realistic p T distribution of φ mesons, within |y| < 0.5 in rapidity, and in full azimuth. The simulated φ meson mean and width of the invariant mass peak were verified to match the measured values in real data at all p T . More details are given in Ref. [38] .
C. Calculation of invariant yields and nuclear-modification factors
The dilepton φ meson invariant yield in a given rapidity, p T , and centrality bin is
where B ll is the φ → l + l − branching ratio, N φ is the measured φ meson yield, N evt is the number of sampled MB events in the given centrality bin, ∆y is the width of the rapidity bin, ∆p T is the width of the p T bin, , and c is the BBC bias correction factor [21, 47] . ε tot includes trigger efficiencies, acceptance and reconstruction efficiency [45, 48] . The data points are corrected to account for the finite width of the analyzed p T bins [49] .
To gain insight into nuclear medium effects and particle production mechanisms in d+Au collisions, the ratio of the φ meson yields in d+Au collisions to p+p collisions scaled by the number of nucleon-nucleon collisions in the d+Au system, N coll [21] , is calculated as:
where d 2 N dAu /dydp T is the per-event yield of particle production in d+Au collisions and d
2 N pp /dydp T is the per-event yield of the same process in p+p collisions. The p+p invariant yield used in the R dAu calculation for the µ + µ − decay channel is the p+p differential cross section from Ref. [39] divided by the p+p total cross section, 42.2 mb. The measured p+p differential cross sections for e + e − and K + K − decay channels are consistent [38] and the p+p reference used in the e + e − R dAu calculations is extracted from a Tsallis function fit of the combined e + e − and K + K − spectra.
D. Systematic uncertainties
The systematic uncertainties associated with the measured invariant yields and nuclear modification factors can be divided into three categories based upon the effect each source has on the measured results. All uncertainties are reported as standard deviations. Type-A: point-to-point uncorrelated uncertainties that allow the data points to move independently with respect to one another and are added in quadrature with statistical uncertainties. Type-B: point-to-point correlated uncertainties that allow the data points to move coherently within the quoted range. Type-C: correlated uncertainties that allow the data points to move together by a common multiplicative factor, a global uncertainty.
At forward and backward rapidities, a 5% type-A uncertainty is assigned to signal extraction, which corresponds to the average variation between the results from the different yield extraction fits. Type-B uncertainties, point-to-point correlated uncertainties to some degree in p T , include a 4% uncertainty from MuID tube efficiency and 2% from MuTr overall efficiency. An 8% uncertainty on the yield is assigned to account for a 2% absolute momentum scale uncertainty, which was estimated by measuring the J/ψ mass.
A 9% (8%) uncertainty is assigned to the −2.2 < y < −1.2 (1.2 < y < 2.2) rapidity bins due to the uncertainties in the Aε rec determination method itself. The Aε rec at the lowest p T bin is small and sensitive to variations in the slope of the input p T distribution which affects the differential cross section calculations at this p T bin. To understand this effect, the p T dependent cross section is fitted by three commonly used fit functions (Hagedorn [50] , Kaplan [51] , and Tsallis [38] ) over the p T range, 2 < p T < 7 GeV/c, and the fitted functions are extrapolated to the lowest p T bin, 1 < p T < 2 GeV/c. The differences between the values extracted from these fits and the measured one at the lowest p T bin is within 8%, hence an additional 8% systematic uncertainty is assigned to the lowest p T bin to account for these differences. For the p T TABLE I. Systematic uncertainties included in the invariant yield and the nuclear modification factor calculations at forward and backward rapidities. As explained in the text, there is an 8% type-B systematic uncertainty due to small acceptance that impacts the low-pT region only which is not listed below.
Source
Value integrated and rapidity dependent invariant yields the 8% uncertainty is assigned to all data bins. Type-B systematic uncertainties are added in quadrature and are shown as boxes. Finally, an overall normalization uncertainty of 10% (0.1%-5.8%) for p+p (d+Au) is assigned to the BBC bias correction (c) uncertainties and are labeled as type-C [23] . The BBC bias correction uncertainties for d+Au vary with centrality and are considered as type-B for centrality dependent spectra. For the nuclear modification factor, the type-A systematic uncertainties arise from the quadratic sum of type-A systematic uncertainty in p+p and d+Au invariant yields [39] . Systematic uncertainties including MuID and MuTr efficiencies and absolute momentum scale are the same between the d+Au and p+p invariant yields and cancel out. A 9% (7%) systematic uncertainty in the Aε rec at −2.2 < y < −1.2 (1.2 < y < 2.2), that is carried over from p+p, is added in quadrature to type-B systematic uncertainties listed in Table I . The acceptance limitation at the lowest p T bin is the same between d+Au and p+p data because it is collected using the same detector and the associated type-B systematic uncertainty cancels out. Type-C systematic uncertainties for the nuclear modification factor are the quadratic sum of the type-C systematic uncertainties for the invariant yields of p+p and d+Au collisions and the uncertainty associated with N coll . The systematic uncertainties are listed in Table I .
At midrapidity, the main contribution to the systematic uncertainties of type-A is the uncertainty associated with the raw yield extraction, 8%-15%. This uncertainty is calculated by varying the background normalization, fitting functions, range, and counting methods. Type-B systematic uncertainties, point-to-point correlated uncertainties in p T , include uncertainties in the ERT trigger efficiency (1%-7%) and electron identification (9%), which are estimated by varying the analysis cuts. The acceptance correction uncertainty is 7% and the momentum scale uncertainty is 1%-5%. An overall normalization uncertainty, type-C, was assigned for the p+p (d+Au) BBC bias correction, which amounts to 10% (0.1%-5.8%).
For the nuclear-modification factor, the electron identification and branching ratio uncertainties are the same between p+p and d+Au and cancel out. As for the rest of the systematic uncertainties, the uncertainties for each type are added in quadrature between p+p and d+Au. Additionally, the N coll uncertainty is added in quadrature to the rest of type-C uncertainties. The systematic uncertainties are listed in Table II . IV. RESULTS Figure 6 shows the φ meson invariant yields in d+Au and p+p as a function of p T in the Au-going direction −2.2 < y < −1.2, in the d-going direction 1.2 < y < 2.2, and at midrapidity |y| < 0.35. The invariant yields mea-sured at forward and backward rapidities for all centralities are significantly different from each other. At midrapidity, the magnitude of the invariant yield is close to that of the backward rapidity, in contrast to what was observed in p+p collisions [38] where the forward and backward rapidities have the same invariant yields and both are smaller than the midrapidity invariant yield. Figure 7 shows the invariant yields as a function of p T for the different centrality intervals measured in p+p and d+Au collisions. The d+Au data are presented in different centrality classes: 0%-20%, 20%-40%, 40%-60%, and 60%-88%, which are determined using the BBC over the pseudorapidity range 3.1 < |η| < 3.9, for the 1.2 < |y| < 2.2 and |y| < 0.35 regions. The three panels describe the three rapidity regions. The same centrality definition is used as in Ref. [47] . The wide rapidity coverage of the full PHENIX detector over an extended p T range is demonstrated. Figure 8 shows the R dAu for φ mesons measured in all centralities as a function of p T at forward and backward rapidities and at midrapidity, also compared with R dAu measured in the φ → K + K − decay channel [36] . The φ meson R dAu behavior measured in the three different rapidity regions is not the same. In the Au-going direction, the R dAu is consistent with unity at the lowest measured p T and increases to R dAu ∼ 2 at p T = 2.7 GeV/c. It then decreases to unity at the highest measured p T . In the dgoing direction strong suppression is observed at the lowest measured p T and then the R dAu increases to unity at higher p T . At midrapidity, where the measurement starts at p T =0, the yield of the φ meson is suppressed below 1 GeV/c and R dAu is consistent with unity above that. The R dAu measured in the φ → K + K − channel agrees with the measurement of φ → e + e − within uncertainties in the p T region where the measurements overlap. The enhanced yield observed in the Au-going direction at intermediate p T is characteristic of the Cronin effect [5] : enhancement of high p T particle production in d+Au collisions relative to scaled p+p collisions with a corresponding depletion at low p T . The φ enhancement in the Au-going direction and the suppression in the d-going direction are consistent with what is observed by ALICE in p+Pb collisions at √ s N N =5.02 TeV in −4.46 < y < −2.96 and 2.03 < y < 3.53 [53] . Figure 9 shows the R dAu of the φ meson as a function of rapidity, summed over the p T range 1 < p T < 7 GeV/c and integrated over all centralities. The R dAu is enhanced in the Au-going direction, shows no modification at midrapidity and is suppressed in the d-going direction. Figure 10 shows that the φ meson nuclear modification factor, measured as a function of rapidity, is consistent with that of leptons coming from decays of heavy flavor particles [22, 26] . This similarity is interesting given that heavy flavor quark production is expected to be dominated by hard processes over the accessed p T range. In contrast, one expects a significant contribution to φ meson production from soft processes, particularly at low p T where the yield is dominant. This backward/forward enhancement/suppression in d+Au collisions is also observed in d+Au charged hadron density results measured by PHOBOS [10] . The charged hadron result is often considered as a rapidity shift in the Au-going direction via soft processes. Figure 10 also shows the J/ψ R dAu [52] . In the case of the J/ψ, the relative R dAu modification as a function of rapidity is similar to that of the φ meson and heavy flavor decay leptons. However, the J/ψ suffers from additional suppression at backward and midrapidity, which could be due to a larger break up cross section or effects in the higher-energy-density backward-rapidity region.
At midrapidity, PHENIX measured the nuclearmodification factors of protons and of several mesons from the light (π) meson up to the φ meson with a mass similar to that of protons. The results show no significant dependence of R dAu on the mass of the particle [24] , whereas the measurements reveal a significant dependence of R dAu on the number of valence quarks. All mesons show no or very small enhancement in comparison to protons in the low to medium p T region. Figure 11 shows the R dAu integrated over the p T range 1 < p T < 7 GeV/c as a function of centrality for three rapidity intervals: −2.2 < y < −1.2, 1.2 < y < 2.2 and |y| < 0.35. The R dAu is integrated over the p T range 1 < p T < 7 GeV/c and the rapidity ranges −2.2 < y < −1.2, 1.2 < y < 2.2 and |y| < 0.35. In the Au-going direction, the R dAu shows an indication of enhancement with N coll and in the d-going direction shows a strong suppression at high N coll . At midrapidity, the R dAu for φ mesons reconstructed in e + e − is consistent with unity at all centralities. This is also consistent with the measurement done in the K + K − decay channel. Figure 12 shows R dAu as a function of p T in different d+Au centrality classes for three rapidity regions covered by the PHENIX detector: backward, mid, and forward rapidities. In the most peripheral collisions (60%-88%), shown in the lowest panel of the figure, the nuclearmodification factor measured in all three rapidity regions is consistent with unity at all measured p T . In the more central collisions the R dAu remains at unity only in the midrapidity region for p T above 1 GeV/c. This is consistent between the measurements done in the e + e − and in the K + K − decay channels. In the Au-going direction, the R dAu reaches a maximum at p T close to 2.7 GeV/c with an amplitude that grows towards more central collisions. At higher p T the R dAu diminishes, approaching unity in all measured centrality classes. In the d-going direction, all points above 2.7 GeV/c are consistent with unity. Below p T =2.7 GeV/c Fig. 12 shows R dAu < 1, with more suppression in the most central collisions compared to other centralities. The enhancement at backward rapidity is consistent with nuclear p T broadening at moderate p T and gluon antishadowing, while the suppression at forward rapidity may suggest gluon shadowing and/or partonic energy loss. The R dAu enhancement (suppression) at backward (forward) rapidity in the most central collisions decreases gradually from central to peripheral collisions where for the most peripheral collisions R dAu shows no overall modification. Whether the φ meson is dominated by soft or hard processes remains an open question.
V. SUMMARY AND CONCLUSIONS
PHENIX has measured the production of φ mesons in d+Au collisions at √ s N N = 200 GeV via their decay to dimuons and dielectrons. The φ meson is measured in the forward, d-going direction, 1.2 < y < 2.2 in the p T range from 1 to 7 GeV/c, at midrapidity |y| < 0.35 in the p T range below 7 GeV/c, and in the backward, the Au-going direction, −2.2 < y < −1.2 in the p T range from 1 to 7 GeV/c.
The measurements reveal that the φ meson yields in d+Au compared to binary collision scaled p+p at p T > 2 GeV/c are suppressed in the d-going direction and enhanced in the Au-going direction. The yield measured at midrapidity is consistent with binary collision scaled p+p. No significant modification of φ meson production is observed in the most peripheral d+Au collisions. With centrality increasing from semi-peripheral events to central the R dAu shows more pronounced suppression in the d-going and more increasing enhancement in Au-going direction. In that rapidity region, the R dAu has a p T dependence, which is characteristic of a Cronin-type effect. A similar enhancement (suppression) was observed by ALICE in p+Pb collisions at √ s N N = 5.02 TeV [53] . The rapidity dependence of the R dAu in φ-meson production is similar to the open heavy flavor modification [26] which may indicate a general rapidity shift compared to the symmetric system and/or similar cold-nuclear matter effects are present in both the φ meson and open heavyflavor production.
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